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HIGHLIGHTS 


►  The  trace  amounts  of  Cr-doped  Ti02  have  been  used  for  the  dye-sensitized  solar  cells  (DSSCs). 

►  The  short-circuit  photocurrent  density  and  electron  lifetime  have  increase— decrease  trace. 

►  The  overall  energy  conversion  efficiency  has  increased  to  6.35%  with  50  ppm  Cr-doped  Ti02. 

►  The  electron  transport  property  has  enhanced  significantly  with  Cr-doped  Ti02. 
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Trace  amount  chromium-doped  (Cr-doped)  Ti02  is  prepared  by  hydrothermal  method  for  dye-sensitized 
solar  cells  (DSSCs).  The  effect  on  photovoltaic  performance  of  the  cells  is  investigated  via  control  of  the 
concentrations  of  Cr  doped  in  Ti02.  Rutile  phase  increases  when  Cr  is  incorporated  into  Ti02  while  the 
property  of  electron  transport  in  photoelectrodes  is  improved  by  doping  Cr  which  results  in  a  reduced 
resistance  (Rc t)  of  the  electron  transport  within  mesoporous  layer  and  an  improved  electron  lifetime.  The 
regularity  of  Rct  and  electron  lifetime  is  reversed  when  the  level  of  doped  Cr  exceeds  50  ppm.  On  the 
other  hand,  owing  to  the  doping  effect  of  Cr,  the  short-circuit  photocurrent  density  (/sc)  of  DSSCs  is 
remarkably  enhanced  and  reaches  maximum.  Consequently,  the  overall  energy  conversion  efficiency 
enhances  to  6.35%  with  Cr-doped  Ti02  of  50  ppm,  which  is  14.62%  higher  than  that  with  undoped  Ti02.  In 
general,  compared  with  undoped  Ti02,  Cr-doped  Ti02  is  a  better  photoanode  material  and  a  more 
promising  alternative  for  high  efficient  DSSCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cell  (DSSC)  research  is  among  the  hot  areas 
of  current  research  in  the  field  of  materials  for  photoelectric  energy 
conversion  and  nano  technology  [1-3].  Attributed  to  the  advan¬ 
tages  of  low  cost  compared  to  commercial  solar  cells,  simple 
production  process  and  stable  performance,  DSSCs  provide  more 
effective  method  for  human  to  use  the  solar  energy  cheaply  and 
conveniently  [4-6].  However,  further  improvement  of  the  stability 
and  photoelectric  conversion  efficiency  of  DSSC  for  industrializa¬ 
tion  is  still  a  major  issue  for  its  application  prospects.  In  the  process 
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of  the  photocurrent  production  in  DSSCs,  excited  states  dye  mole¬ 
cules  inject  electrons  into  the  conduction  band  (CB)  of  Ti02,  from 
which  the  electrons  are  transported  into  the  back  contact  and  then 
flow  in  the  external  circuit.  At  the  same  time,  there  are  some 
recombination  and  traps  caused  by  some  electrons  with  tri-iodide 
of  the  electrolyte  or  oxidized  dye.  The  two  opposing  electron  paths 
are  in  rivalry  and  have  an  important  effect  on  electron  transport 
process  and  collection  efficiency  in  the  nanostructure  Ti02  film  [7]. 
The  improvement  of  charge-transfer  ability  is  helpful  to  the  short- 
circuit  current  density  (Jsc )  increase  that  could  offer  a  great  chance 
to  improve  the  photoelectric  conversion  efficiency  of  DSSCs. 
Recently,  several  methods  have  been  utilized  to  modify  the  struc¬ 
ture  of  the  working  electrode  (Ti02  electrode)  to  improve  the 
performance  of  DSSCs  such  as  the  improvement  of  Jsc  by  metal 
doping  [8-15].  Cr-doped  Ti02  films  or  powders  have  been  used  as 
photocatalysts  [16,17].  However,  few  studies  have  been  reported 
about  Cr-doped  Ti02  applied  as  photoanode  of  DSSCs.  In  recent 
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work,  modification  of  Cr-doped  nanostructure  Ti02  photoanode  to 
improve  the  photovoltaic  efficiency  of  a  DSSC  has  been  investigated 
[18].  The  results  showed  that  the  double  layer  of  Cr-doped  and  pure 
Ti02  electrode  acted  as  a  diode.  Additionally,  the  energy  barrier 
prevented  electron  loss  by  repressing  the  recombination  rate  in 
order  to  enhance  the  Jsc.  However,  doping  Cr  is  not  the  direct  factor 
for  the  improvement  of  the  DSSCs  performance,  besides  the  doping 
concentration  level  of  several  tens  of  parts  per  million  (ppm)  is 
never  investigated  for  DSSCs. 

In  this  work,  we  synthesized  undoped  and  Cr-doped  Ti02  pho¬ 
toanodes  with  different  Cr  doping  by  hydrothermal  reaction.  The 
concentration  levels  of  Cr  doping  were  in  ppm.  The  characteristics 
of  different  photoanodes  were  measured  by  XRD,  SEM  and  UV- 
visible  absorption.  The  Cr-doped  Ti02  is  successfully  applied  as 
photoanode  material  in  DSSCs.  Furthermore,  we  report  the  rela¬ 
tionship  between  Cr  content  and  photovoltaic  characteristics.  It  is 
demonstrated  that  Cr  doping  is  favorable  to  electron  transfer  and 
improvement  of  Jsc  that  contribute  to  the  significant  improvement 
of  the  conversion  efficiency  of  DSSCs.  The  mechanism  of  the 
improvement  caused  by  Cr  doping  is  also  discussed. 

2.  Experiment  section 

2 A.  Materials 

Titanium  isopropoxide  (TTIP,  Ti[OCH(CH3)2]4)  and  chromium 
nitrate  (Cr(N03)3  -9H20)  were  used  as  Ti  and  Cr  precursors.  Triton 
X-100  was  selected  as  emulsifier  of  Ti02  slurry.  Polyethylene  glycol 
(PEG,  molecular  weight  of  20,000)  was  obtained  from  Sinopharm 
Chemical  Reagent  Corporation,  China.  Fluorine-doped  SnC^ 
conductive  glass  (FTO,  sheet  resistance  10-15  Cl  sq_1)  was 
purchased  from  Asahi  lass,  Japan.  The  dye  (N719)  was  purchased 
from  Solaronix,  Switzerland.  Iodine  (U,  99.8%)  was  obtained  from 
Beijing  Yili  chemicals,  China.  Lithium  iodide  (Lil,  99%),  guanidine 
thiocyanate  (GNCS)  and  4-tert-butylpyridine  (TBP)  were  obtained 
from  Acros.  Propylene  carbonate  (PC)  was  obtained  from  Sino¬ 
pharm  Chemical  Reagent  Corporation  (China).  All  the  reagents  used 
were  analytical  grade. 

2.2.  Preparation  of  Cr-Ti02  and  undoped  Ti02  slurries 

The  undoped  and  Cr-doped  Ti02  pastes  were  prepared  by 
hydrothermal  synthesis  method.  Typically,  10  mL  of  TTIP  mixed 
with  2.1  g  acetic  acid  was  added  drop-wise  to  50  mL  of  deionized 
water  mixed  with  different  amounts  of  Cr(N03)3-9H20  (Cr/Ti02 
molar  ratio:  10  ppm,  30  ppm,  50  ppm,  70  ppm)  under  vigorous 
stirring  for  1  h.  Then  0.68  mL  of  nitric  acid  was  added  to  the 
previous  mixture  solution  and  stirred  for  3  h  at  80  °C  in  order  to 
obtain  transparent  sol.  The  transparent  sol  was  filtered  to  remove 
insoluble  impurities.  Then  the  sol  was  heated  at  220  °C  in  autoclave 
for  12  h  and  cooled  down  at  room  temperature,  followed  by  addi¬ 
tion  of  nitric  acid  (0.4  mL)  and  dispersion  by  sonication.  The  solu¬ 
tion  was  then  concentrated  by  rotary  evaporator.  Finally,  PEG  and 
Triton  X-100  were  added  to  form  the  Cr-doped  TiC^  slurry  (Cr-T-1 : 
10  ppm  Cr-doped  TiC^,  Cr-T-2:  30  ppm  Cr-doped  Ti02,  Cr-T-3: 
50  ppm  Cr-doped  TiC^,  Cr-T-4:  70  ppm  Cr-doped  TiC^).  The 
method  for  undoped  Ti02  slurry  was  similar  to  the  above. 

2.3.  Preparation  of  photoelectrodes  and  DSSCs 

The  undoped  and  Cr-doped  Ti02  slurries  were  coated  onto  FTO 
substrates  by  doctor  blade  method,  respectively,  followed  by 
calcination  at  500  °C  for  30  min.  The  process  was  repeated  and  the 
resulting  transparent  mesoporous  layer  of  photoelectrodes  (thick¬ 
ness  of  8  ±  0.5  pm)  was  obtained.  The  mesoporous  photoelectrodes 


were  preheated  at  120  °C  for  30  min,  after  cooling  down,  they  were 
immersed  in  a  0.5  mM  ethanolic  N-719  solution  for  24  h  at  room 
temperature.  The  dye  adsorbed  photoelectrodes  were  rinsed  with 
absolute  ethanol  to  remove  the  redundant  dye  molecules.  After 
drying  the  sensitized  photoelectrodes,  the  sandwich-type  DSSCs 
were  assembled  with  an  electrolyte  layer  containing  0.05  mM  Lil, 
0.03  M  I2,  0.1  M  PMII  (1 -methyl-3 -propyl  imidazolium  iodide), 
0.1  M  GNCS  and  0.5  M  TBP  in  mixed  solvent  of  acetonitrile  and  PC 
(v/v  =  1 :4)  between  the  photoelectrodes  and  Pt  electrode  prepared 
by  sputtering  method  [19]. 

3.  Results  and  discussion 

3.1.  Material  characterization 

3.1.1.  XRD  and  morphologies 

The  XRD  patterns  of  the  undoped  and  Cr-doped  Ti02  powders 
calcined  are  shown  in  Fig.  1.  It  shows  well-resolved  diffraction 
peaks  corresponding  to  the  reflections  of  anatase  Ti02  material 
(JCPDS  file  no.  21-1272).  It  can  clearly  be  seen  that  the  rutile  phase 
in  the  Cr-doped  Ti02,  marked  by  the  extra  reflection  at  26  =  27°, 
corresponds  to  the  (110)  plane.  However  there  is  only  a  minor 
presence  in  undoped  Ti02  powder.  It  is  indicated  that  the  anatase- 
to-rutile  phase  transformation  occurs  from  Cr  doping. 

Fig.  2(a)  and  (b)  shows  the  SEM  images  of  the  undoped  and  Cr- 
doped  Ti02  films  (Cr-T-3)  after  calcination,  respectively.  All  the 
films  have  good  crystallinity  with  particle  size  of  20-30  nm  with 
typical  porosity  and  good  uniformity  for  DSSC.  But  the  surface 
topography  of  the  films  is  almost  unchanged  before  and  after 
modification  of  Cr  doping. 

3.1.2.  UV-visible  absorption  and  powders  color 

The  UV-visible  absorption  spectra  of  undoped  and  Cr-doped 
Ti02  films  (Cr-T-3)  are  shown  in  Fig.  3.  It  is  exhibited  that  the 
visible  light  adsorption  of  the  Cr-doped  TiCh  films  is  slightly 
enhanced  compared  to  the  undoped  TiC^  film.  It  might  be  that 
owing  to  a  downward  movement  of  the  conduction  band  edge  of 
Cr-doped  TiC^,  the  band  gaps  of  Cr-doped  Ti02  become  slightly 
smaller  than  of  undoped  Ti02.  According  to  the  UV-visible 
absorption  spectra  of  undoped  and  Cr-doped  Ti02  films,  the  spec¬ 
tral  response  from  Cr-doped  Ti02  can  clearly  be  seen  even  though 
the  concentration  level  is  several  tens  of  parts  per  million,  which 
was  observed  similarly  from  others’  work  [20,21]. 
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Fig.  2.  SEM  images  (x  100,000)  of  the  surface  morphology  coated  using  undoped  Ti02  film  (a)  and  Cr-T-3  film  (b). 


The  powders  based  on  undoped  and  Cr-doped  TiC^  are  shown  in 
Fig.  4  respectively.  It  can  be  seen  clearly  that  the  powder  of  undo¬ 
ped  Ti02  is  white  and  the  powder  of  Cr-T-3  is  light  yellow.  We  also 
synthesized  some  powders  of  Cr-doped  TiC^  (not  shown  here) 
which  are  orange,  under  the  higher  concentration  level  such  as 
several  parts  per  thousand  by  same  method.  It  might  be  that  Cr3+  is 
transformed  to  higher  valence  state  of  Cr6+  or  Cr5+  under  high 
temperature  and  pressure  with  heating  at  220  °C  in  autoclave  for 
12  h,  resulting  in  the  transformation  of  color. 

3.1.3.  Dye  desorption  experiment 

UV-vis  spectra  for  dye  solution  desorbed  from  different  pho¬ 
toelectrodes  with  same  area  (1  cm2)  and  same  thickness 
(8  ±  0.5  pm)  are  shown  in  Fig.  5(a).  It  can  be  indicated  that 
absorption  from  undoped  and  Cr-Ti02  photoelectrodes  is  similar 
from  the  characteristic  absorption  peak  of  N719  at  about  500  nm. 
Absorption  concentration  is  calculated  and  shown  in  Fig.  5(b).  It 
is  also  found  that  the  different  photoelectrodes  have  similar  dye 
loading  as  seen  from  the  curve  which  may  be  due  to  similar 
morphology  of  different  photoelectrodes  shown  by  SEM  images. 
Thus  the  amount  of  dye  absorbed  is  unchanged  by  Cr  doping. 

3.2.  J—V  characteristics 

Fig.  6  shows  the  J—V  characteristics  of  the  DSSCs  and  the 
photovoltaic  performance  parameters  are  summarized  in  Table  1 


Fig.  3.  UV-visibie  absorption  spectra  of  undoped  Ti02  and  Cr-T-3  films. 


(0.87  sun)  which  shows  the  correlation  between  the  photovol¬ 
taic  performance  parameters  and  the  Cr  content  in  the  TiC^.  We 
can  observe  the  fill  factor  (FF)  nearly  unchanged  and  some  lightly 
extent  the  open-circuit  voltage  (V0c)  drop  from  different  cells  built 
using  as  different  photoelectrodes.  The  V0c  decrease  of  Cr-doped 
Ti02  compared  to  undoped  Ti02  is  similar  to  the  use  of  the  same 
subgroup  tungsten  as  a  dopant  in  Ti02  in  dye-sensitized  solar  cells 
(DSSCs)  [22],  Additionally,  it  can  be  seen  distinctly  that  increasing 
the  concentration  of  Cr  gives  rise  to  the  increase  of  the  short- 
circuit  photocurrent  density  (Jsc )  from  10.02  mA  cm-2  to 
a  maximum  of  11.34  mA  cm-2  for  50  ppm  doping  level  before 
a  decline  to  10.74  mA  cm-2.  The  energy  conversion  efficiency  (p) 
increases  gradually  as  the  quantity  of  Cr  and  reaches  an  optimum 
value  coinciding  with  Cr  quantity  of  50  ppm,  after  which  the  effect 
is  reversed  and  p  begins  to  fall.  The  energy  conversion  efficiency 
attains  a  maximum  of  6.35%  which  is  14.62%  higher  than  the 
undoped  TiC^.  It  can  be  seen  from  Table  1  that  the  variation  in 
energy  conversion  efficiency  and  Jsc,  respectively,  follow  the  same 
trend.  Although  there  is  some  rutile  phase  added  as  shown  by 
XRD,  which  may  lead  to  the  low  electron  diffusion  coefficient  and 
the  decreased  performance  of  DSSCs  [23,24],  the  increase  of 
energy  conversion  efficiency  further  indicates  the  effect  of  doping 
Cr  for  Jsc- 

The  enhancement  of  the  electron-transfer  ability  can  be  dis¬ 
cussed  on  the  basis  of  the  theoretical  model  of  the  electrical 
conductivity,  which  is  based  on  the  equation  [10] 


undoped  Cr-T-3 


Fig.  4.  The  color  change  of  powders  after  Cr  doping. 
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Fig.  5.  (a)  Dye  absorbance  from  desorption  experiment  of  undoped  and  Cr-doped  Ti02.  (b)  Dye  absorption  concentration  of  different  samples. 


a  =  lieji 


(1)  3.3.  EIS  and  OCVD  analysis 


where  e  denotes  the  elementary  charge,  n  is  the  electron  concen¬ 
tration,  and  /d  is  the  electron  mobility,  respectively.  If  n  increases, 
the  electron  conductivity  will  be  enhanced.  However,  the  electron 
mobility  will  be  decreased  at  high  n  due  to  the  electron  scattering 
defects  [10].  Furthermore,  a  single  electron  injected  in  a  20-nm- 
sized  particle  produces  an  electron  concentration  of 
2.4  x  1017  cm“3  [25].  There  are  Ti4+of  9.95  x  1021  per  1  cm3  Ti02 
according  to  the  density  of  normal  nano  Ti02  film  (-1.2  g  cm-3) 
[26].  If  an  electron  is  injected  in  Ti02  by  Crn+,  the  electron 
concentration  added  by  Cr  doping  of  50  ppm  will  be 
4.98  x  1017  cm-3  in  theory.  So  the  level  of  electron  concentration  is 
the  same  as  above  (2.4  x  1017  cm-3)  which  indicates  the  concen¬ 
tration  levels  of  chromium  doping  are  reasonable  in  our  work.  In 
addition,  the  increase  of  electron  concentration  enhances  the 
electron-transfer  ability  and  results  in  the  improvement  of  the 
photocurrent  density.  However,  severe  defects  increase  charge 
recombination  and  the  electron-transport  efficiency  decreased 
rapidly  at  high  defect  concentration,  so  Jsc  decreases  when  the 
doping  content  is  increased  above  50  ppm.  Consequently,  Cr 
content  of  50  ppm  becomes  dominant  factor  for  Jsc. 


V  otage(V) 


Fig.  6.  J-V  characteristics  of  DSSCs  based  on  the  undoped  and  Cr-doped  Ti02  photo¬ 
anodes  measured  under  simulated  0.87  sun. 


The  modeled  internal  resistances  of  the  DSSCs  based  on  five 
different  photoelectrodes  are  illustrated  via  electrochemical 
impedance  spectroscopy  (EIS)  shown  in  Fig.  7.  The  resistance  (Rc t) 
of  the  electron  transport  within  each  mesoporous  layer  [23,27-29] 
indicated  by  the  large  semicircle  in  Fig.  7,  is  listed  in  Table  1.  Rct 
remarkably  decreases  with  increasing  Cr  content  and  ultimately 
increases  with  further  Cr  doping.  The  smallest  Rct  is  achieved  when 
Cr  content  is  50  ppm,  which  promotes  more  efficient  charge 
transport  in  the  mesoporous  layer.  Owing  to  the  sites  of  recombi¬ 
nation  and  severe  defects  introduced  when  there  is  too  much  Cr 
doping,  the  recombination  speed  within  mesoporous  layer  domi¬ 
nates  the  charge  transfer  processes.  Therefore,  the  value  of  Rct 
should  become  large  when  50  ppm  of  Cr  doping  exceeds.  In  other 
words,  the  charge  transfer  resistance  in  mesoporous  layer  by 
appropriate  Cr  doping  is  decreased,  leading  to  a  positive  influence 
on  the  improvement  of  solar  cell  performance. 

In  order  to  further  confirm  the  conclusion  above,  herein,  we 
have  investigated  the  influence  of  lifetime  of  electrons  in  the  Ti02 
electrode  as  well  as  the  performance  of  the  DSSCs  under  varying 
the  amounts  of  Cr  content  in  the  Ti02  electrode  by  the  open-circuit 
voltage  decay  (OCVD)  measurement  shown  in  Fig.  8.  The  OCVD 
reflects  the  electron  lifetimes  and  recombination  in  DSSCs  [25] 
which  can  be  derived  as  a  function  of  photovoltage  by  the  photo¬ 
voltage  transient  decay  technique  under  open-circuit  conditions. 
Fig.  8  shows  the  electron  lifetime  calculated  from  OCVD  spectra  of 
DSSCs  based  on  the  undoped  and  Cr-doped  Ti02  photoanodes.  The 
electron  lifetime  is  calculated  by  the  formula  [30] 


MYdl/y1 
e  U t) 


(2) 


In  the  measurement  of  OCVD,  during  the  decay  of  Voc,  e^ec~ 
tron  concentration  evolves  from  the  initial  steady  state  value  to 


Table  1 

Performance  of  DSSCs  based  on  undoped  and  Cr-doped  Ti02  photoanodes. 


DSSCs 

Doping  (ppm) 

Voc  (V) 

;sc  (mA  cm2) 

FF 

r?(%) 

Rct  (O) 

Undoped 

0 

0.706 

10.02 

0.68 

5.54 

17.40 

Cr-T-1 

10 

0.696 

10.50 

0.68 

5.71 

17.36 

Cr-T-2 

30 

0.701 

10.57 

0.68 

5.81 

17.02 

Cr-T-3 

50 

0.705 

11.34 

0.69 

6.35 

14.8 

Cr-T-4 

70 

0.688 

10.74 

0.67 

5.71 

18.3 
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Fig.  7.  EIS  of  DSSCs  based  on  the  undoped  and  Cr-doped  Ti02  photoanodes  measured 
in  the  illumination  at  the  applied  bias  of  Voc. 


the  dark  equilibrium  (V0c  =  0)  with  concentration  no.  We  will 
generally  neglect  the  final  region  of  decay  at  V0c  ~  50  mV  or  less, 
which  is  poorly  resolved  in  the  current  setup,  hence  we  can 
assume  that  n  <  no,  V  decreases  by  about  0.6  V,  which  is  in 
agreement  with  previously  reported  values  obtained  by  IMVS 
[31].  So  we  adapted  to  the  curve  of  the  electron  lifetime  for 
different  photoanodes  above  0.6  V,  which  was  shown  via  inset 
figure  in  Fig.  8.  It  can  be  observed  that  the  lifetime  of  electron 
increases  with  the  doped  Cr  content  and  reaches  the  longest 
value  for  Cr— T-3.  The  trend  of  electron  lifetime  is  consistent  with 
EIS  results.  The  presence  of  Cr-doped  Ti02  increases  the  electron 
lifetime  and  makes  the  electron  transfer  more  easily.  The  lower 
the  resistance  for  electron  transport,  the  longer  the  lifetime  as 
implied  by  OCVD,  thus  favoring  the  charge  collection  rate  of 
photogenerated  electrons  [32],  which  led  to  the  highest  energy 
conversion  efficiency  of  Cr-T-3. 


Votage(V) 


Fig.  8.  The  electron  lifetime  calculated  from  OCVD  spectra  of  DSSCs  based  on  the 
undoped  and  Cr-doped  Ti02  photoanodes. 


4.  Conclusion 

In  summary,  we  have  developed  a  methodology  of  photo¬ 
electrode  modification  by  Cr  doping  for  DSSCs.  Studies  implied  that 
the  Cr  additions  offers  more  electron  for  TiC^  and  increases  the 
property  of  electron  transport  for  DSSCs.  Although  rutile  phase  is 
added  in  Cr-doped  TiC^  compared  with  undoped  Ti02.  The  Jsc  and 
electron  lifetime  follow  the  same  trend  and  increase  with  the 
increase  of  Cr  addition  and  reaches  the  largest  value  when  Cr- 
doped  content  is  50  ppm.  Furthermore,  the  resistance  (Rc t)  of  the 
electron  transport  within  mesoporous  layer  decreases  with 
increasing  Cr  addition  and  attains  the  smallest  value  of  14.8  Q  at 
50  ppm  of  Cr  doping.  When  the  content  of  Cr  is  more  than  50  ppm, 
the  value  of Jsc,  electron  lifetime  and  Rc t  exhibit  reverse  trend  owing 
to  electron  scattering  by  the  defects  at  high  defect  concentration 
which  is  attributed  to  increased  content  of  Cr  doping.  Our  experi¬ 
mental  results  reveal  that  the  optimal  Cr  content  is  around  50  ppm 
and  the  Cr-T-3  DSSC  shows  the  best  performance  with  the  largest 
Jsc  of  11.34  mA  cm-2  and  the  largest  photoelectric  conversion  effi¬ 
ciency  of  6.35%,  respectively.  These  results  strongly  indicate  that 
50  ppm  Cr-doped  Ti02  based  DSSC  has  a  better  conversion 
performance  than  undoped  Ti02  DSSC. 
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